In the present study, we have conducted molecular modeling of a potential method of graphene sheet formation. As the nano-sized blocks from which graphene can be synthesized, pyrene and pyrene butyric acid are chosen. The potential of several compounds (namely, Pt, Pd, Ni, AlCl 3 and PdCl 4 ) as catalysts for hydrocarbon condensation has been estimated by semiempirical calculations. The heat of formation in the series Pt, Pd, Ni, PdCl 4 , AlCl 3 for pyrene is reduced to a minimum and reaches a value of 99 kJ/mol, and for pyrene butyric acid in the series Pt, Ni, Pd, PdCl 4 , AlCl 3 decreases to 295 kJ/mol. According to the results of calculations, Pt and Ni can be the most effective catalysts for this reaction. As a substrate (or 2D nanoscale), we propose to use a surface of water or a monolayer of surfactants on water (this method is realized by the Langmuir-Blodgett method) having a 2D crystal structure whose state can be controlled by external conditions.
Introduction
Graphene is a promising material, as it possesses unique properties, very interesting from the point of view of practical implementations in the form of unique instruments and of nanoelectronics devices. Currently there are a number of areas where graphene could be used [1] [2] [3] . But, in spite of a vast array of potential applications, a universal methodology that would allow obtaining high-quality graphene samples of a large area on a production scale has not yet been found. All published methods for obtaining samples have drawbacks and graphene samples can only be used for a specific purpose. Consequently, the development of new methods for the synthesis of graphene is an area of intense interest and relevant topics in its study.
Contemporary methods of monolayer graphene synthesis can be divided into two main groups -"top-down" methods and "bottom-up" methods. The "top-down" methods [4, 5] involve transforming a graphene slab into thinner layers by breaking the bonds between layers of initial sheet and stabilizing the resulting compound structure. This can be achieved by chemical cleavage or mechanical exfoliation of its precursors (graphite, carbon nanotubes, etc.) using Scotch tape, centrifugation, exposure to ultrasound, strong acids, etc.
"Bottom-up" methods involve cross-linking of various molecular fragments to produce large-scale graphene sheets [6, 7] . One of the most common is the method of deposition from the gas phase, which makes it possible to obtain large sheets of graphene, but its main disadvantages are the use of high temperatures and the possibility of contamination of the product obtained. Another example of this approach is the production of graphene from so-called nanografens. As such substances, polycyclic aromatic hydrocarbon molecules are used. These methods are a promising direction in the field of graphene synthesis.
In this study, we propose the next stage in the development of the method that we described in [8, 9] . By analogy with the Shole reaction, we have described a method for producing graphene sheets by crosslinking molecules of polycyclic aromatic hydrocarbons (such as naphthalene, pyrene, pyrene butyric acid). However, in the synthesis methods (like the Shole method), the mutual approach to the required distance and the favorable orientation of the reacting molecules is a critical condition. For these purposes, most often any solid surfaces are used on which synthesis reactions are carried out. Such surfaces (for example, plates of copper, nickel, etc.) simultaneously serve as an orienting surface and catalyst. As a rule, such reactions require vacuum conditions, the use of plasma as a stimulating action, the supply of particularly pure reagents, etc.
In this article, we develop a previously-proposed approach, according to which the water-air interface or the surface of an ordered monomolecular surfactant layer formed at the water-air interface is used as a 2D nanoscale. Experimentally, this approach can be implemented without high vacuum or high temperatures. All the processes are realized in Langmuir baths with the help of the Langmuir-Blodgett method, which is based on the principles of self-organization of surfactant molecules at interfaces.
In this paper, we assume that the molecules lie on some 2D template and, for simplicity, are located one below the other and lie in the same plane.
Materials and methods
In this paper, we studied the effect of various catalysts (Pt, Pd, Ni, PdCl 4 and AlCl 3 ), chosen as a result of the analysis of scientific information, on the condensation reaction of pyrene and pyrene butyric acid, to select the most promising catalyst for subsequent synthesis using semiempirical calculations. Semiempirical calculations of potential intermediate complexes between catalysts and compound have been performed using PM7 method implemented in MOPAC2012 software.
Results and discussions. Quantum chemical computations
Pyrene and pyrene butyric acid, which belong to the class of aromatic hydrocarbons, were chosen as starting materials for the further graphene formation (Fig. 1a,b ). They were chosen because of their structural similarity to graphene and interesting physicochemical characteristics -they have low water solubility, are solid under normal conditions. Also, the selected substances are soluble in chloroform, which is an important aspect for further synthesis. Since using the Langmuir-Blodgett technique it is necessary to dissolve the substance in a volatile solvent (e.g., chloroform).
FIG. 1. Molecules: a) pyrene; b) pyrene butyric acid
To form the required structure of graphene from molecules of aromatic hydrocarbons, it is necessary to carry out the dehydrogenation reaction, as a result of which hydrogen atoms located at the edges of the molecules are removed from the molecule. To carry out the dehydrogenation reaction, different catalysts were used in our approach. As a result of the analysis of literature data, the following catalysts were selected for calculations: Pd, Pt, AlCl 3 , Ni and PdCl 4 . The influence of the nature of catalysts on the state of hydrogen atoms in hydrocarbon molecules was investigated. In the presence of catalysts, the crosslinking in graphene was simulated for a given distance between the molecules. The reaction mechanisms for pyrene and pyrene butyric acid are shown in Figs. 2  and 3 .
Simulating the reaction of the interaction of aromatic hydrocarbons and catalysts, the heat of formation of the catalysts, the starting molecule and the intermediate complex The mechanism of the condensation reaction for pyrene butyric acid, where R is CH 2 -CH 2 -CH 2 -COOH of these data, the enthalpy of the reaction was calculated by the following formula:
where ∆H r -enthalpy of reaction ∆H f comp -heat of formation of intermediate complex, ∆H f cat -heat of catalyst formation ∆H f pyrene -heat of formation of initial compound. The results of calculations are presented in Table 1 . Thus, according to the results of calculations, the use of platinum and nickel, as the most effective catalysts, can be recommended for the condensation reaction of pyrene or pyrenbutanoic acid. This can be suggested, as the catalyst component system has a higher heat of formation than the other studied catalysts, 1768 kJ/mol and −361 kJ/mol, respectively.
Conclusion
The potential of several compounds, including Pt, Pd, Ni, AlCl 3 and PdCl 4 as catalysts for pyrene and pyrene butyric acid condensation has been estimated by semiempirical calculations. According to calculation results, the most efficient catalyst for proposed selected substances condensation is Pt, followed by Ni. 
